Background {#Sec1}
==========

Osteoarthritis (OA), a common progressive degenerative disease, is the most frequent cause of physical disability, which affects more than 12.4 million individuals aged 65 years and older. The prevalence of OA in the United States is estimated to increase by approximately 9 million from 1995 to 2020 \[[@CR1]\]. The etiology of OA is currently unclear. Its main pathological characteristics are cartilage loss, change in the subchondral bone, and thickening of the synovium \[[@CR2]\]. The goals of OA therapy are joint pain reduction and joint function improvement. The available strategies for preventing or treating OA are limited. The normal synovial membrane comprises an intimal lining one or two cell layers thick. A typical feature of OA is synovial lining hyperplasia, which increases the number of synovial fibroblasts (SFs) \[[@CR3]\]. These OASFs are a source of proinflammatory cytokines and proteolytic enzymes, including matrix-degrading enzymes (matrix metalloproteinases (MMPs) and aggrecanases), which contribute to articular matrix degradation \[[@CR4]--[@CR8]\]. Therefore, elucidating the molecular mechanisms of OA can facilitate the development of novel anti-OA strategies.

Human chemokines are divided into four families (C, CC, CXC, and CX3C) depending on the conserved cysteine motif. Chemokines are chemoattractant proteins that regulate leukocyte trafficking, inflammation, and immune responses. Numerous studies have established a correlation between chemokine expression and inflammatory diseases including arthritis, atherosclerosis, asthma, and metabolic syndrome. CX3CL1 is expressed in many cell types, including neurons, intestinal epithelium, and activated vascular endothelium, and is structurally distinct from other chemokines. Several studies have indicated that CX3CL1 plays a central role in inflammatory diseases. In 2002, Cockwell et al. \[[@CR9]\] discovered that CX3CL1 expression was increased in acute human renal inflammation. In 2003, Ollivier et al. \[[@CR10]\] reported that CX3CL1 triggered not only monocyte adhesion but also chemotactic function and was involved in the pathogenesis of atherosclerosis. CX3CR1 is a seven-transmembrane domain G protein-coupled receptor and the specific receptor for CX3CL1. CX3CR1 mediates several intracellular signaling pathways, such as the p38MAPK signaling pathway \[[@CR11]\] and the Akt pathway \[[@CR12]\]. Several pieces of evidence have suggested that CX3CL1--CX3CR1 interactions contribute to the development of inflammatory diseases such as rheumatoid arthritis (RA) \[[@CR13], [@CR14]\]. CX3CL1 is overexpressed in the serum, synovium, synovial fluid, and cartilage of patients with RA \[[@CR14], [@CR15]\].

CX3CL1 may also promote MMP-2 production in SFs \[[@CR16]\]. This confirms the role of CX3CL1 in the pathogenesis of OA; however, the molecular connections between CX3CL1 and OA remain largely elusive. Therefore, we explored the signaling pathways involved in CX3CL1-induced MMP-3 production in human OASFs in addition to the role of CX3CL1 in the pathogenesis of OA to determine whether CX3CL1 is an appropriate target for drug intervention in OA in the future.

Methods {#Sec2}
=======

Cell culture {#Sec3}
------------

Written informed consent was obtained from all patients recruited into this study, and the study was approved by the Institutional Review Board of Shin Kong Wu Ho-Su Memorial Hospital. Synovial tissue was obtained from patients with OA, and SFs were isolated. Human SFs were isolated by collagenase treatment of synovial tissue samples obtained from 10 patients with OA during knee-replacement surgeries and eight samples of nonarthritic synovial tissues obtained at arthroscopy after trauma/joint derangement. Fresh synovial tissues were finely minced and digested in Dulbecco's modified Eagle's medium (DMEM) containing 2 mg/ml type II collagenase (Sigma-Aldrich, St. Louis, MO, USA) for 4 h at 37 °C and under 5% CO~2~. The isolated cells were placed in DMEM containing 10% fetal bovine serum (FBS), 100 units/ml penicillin, 100 μg/ml streptomycin, and 2 mM [l]{.smallcaps}-glutamine at 37 °C with 5% CO~2~. Passages 4--6 of the obtained OASFs were used in this study. Results of four independent experiments are presented \[[@CR4], [@CR17]\].

Materials {#Sec4}
---------

DMEM, Lipofectamine3000, and Trizol were purchased from Invitrogen (Carlsbad, CA, USA). Cell culture dishes, FBS, six-well plates, and 12-well plates were purchased from Corning (Corning, NY, USA). Polyvinyldifluoride (PVDF) membranes and an Immobilon Western Chemiluminescent HRP Substrate detection system were purchased from Millipore (Billerica, MA, USA). Polyclonal antibodies specific for MMP3, CX3CL1, CX3CR1 and IKKα/β were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Monoclonal antibodies specific for c-Raf, MEK, ERK, IκBα, p65, and β-Actin were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Polyclonal rabbit antibodies specific for c-Raf phosphorylated at Ser338 and IKKα/β phosphorylated at ser176/180 were purchased from Cell Signaling and Neuroscience (Danvers, MA, USA). Monoclonal rabbit antibodies specific for MEK1/2 phosphorylated at Ser217/221, ERK1/2 phosphorylated at Thr202/204, IκBα phosphorylated at ser32/36, and p65 phosphorylated at ser536 were purchased from Cell Signaling and Neuroscience (Danvers, MA, USA).3-(3,5-Dibromo-4-hydroxybenzyliden)-5-iodo-1,3-dihydroindol-2-one (GW5074), 1,4-diamino-2,3-dicyano-1,4-bis(*o*-aminophenylmercapto)butadiene monoethanolate (U0126), 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-one (PD98059), pyrrolidine dithiocarbamate (PDTC), and [l]{.smallcaps}-1-tosylamido-2-phenylenylethyl chloromethyl ketone (TPCK) were purchased from Sigma-Aldrich. Recombinant human CX3CL1 was purchased from PeproTech (Rocky Hill, NJ, USA). The small interfering RNA (siRNA) of the control and CX3CR1 siRNA were purchased from Santa Cruz Biotechnology. Nuclear factor kappa B (NF-κB) luciferase plasmid was purchased from Stratagene (La Jolla, CA, USA). A pSV-β-galactosidase vector and a luciferase assay kit were purchased from Promega (Madison, MA, USA). All other chemicals were purchased from Sigma-Aldrich.

RNA extraction and quantitative real-time polymerase chain reaction {#Sec5}
-------------------------------------------------------------------

Total RNA was extracted from cells using Trizol reagent (Invitrogen) following the manufacturer's protocol. In brief, cells were added to 0.5 ml Trizol, homogenized, and incubated at room temperature for 3 min. After extraction with chloroform (0.1 ml) and precipitation with isopropanol (0.4 ml), RNA was washed with 75% ethanol, and finally the RNA pellet was dissolved in 10 μl of RNase-free water. The RNA yield and purity were determined by measuring absorbance at 260 and 280 nm using a Nanodrop spectrophotometer (Thermo Fisher Scientific, Inc., Waltham, MA, USA). RNA was then used to synthesize complementary DNA (cDNA) using reverse transcriptase (Invitrogen) according to the manufacturer's instructions.

Real-time quantitative polymerase chain reaction (qPCR) was performed using SYBR Green (KAPA Biosystems, Woburn, MA, USA) according to the manufacturer's protocol, and reactions were performed using a StepOnePlus machine (Applied Biosystems, Foster City, CA, USA). Human MMP-1, MMP-2, MMP-3, MMP-7, MMP-9, MMP-12, MMP-3, and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) purchased from Sigma-Aldrich were used as primers to amplify the target genes. The expression levels of the target genes were determined by normalizing them to the GAPDH levels. We calculated the results using the following equation:$$\documentclass[12pt]{minimal}
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Each sample was assayed in triplicate, and the data represent three independent experiments.

Western blot analysis {#Sec6}
---------------------

Cellular lysates were prepared using the methods outlined in previous studies. Proteins were resolved using sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to Immobilon PVDF membranes. The blots were blocked with 5% BSA for 1 h at room temperature and then probed using antihuman antibodies against MMP-3, CX3CL1, CX3CR1, c-Raf, MEK, ERK, IKKα/β, IκB, p65, and β-Actin (1:1000) for 1 h at room temperature. After three washes, the blots were incubated with secondary antibodies (1:10,000) for 1 h at room temperature. The blots were then visualized using a charge-coupled device camera-based detection system (UVP Inc., Upland, CA, USA). Quantitative data were obtained using ImageJ software (National Institute of Health, USA).

Determination of MMP-3 secretions using enzyme-linked immunosorbent assay {#Sec7}
-------------------------------------------------------------------------

MMP-3 in the cell culture supernatants was then determined using a Quantikine enzyme-linked immunosorbent assay (ELISA) kit (R&D Systems, Minneapolis, MN, USA) according to the manufacturer\'s protocol. In brief, OASFs were seeded in 100-mm culture dishes at a density of 5 × 10^6^ cells per dish and then treated under different conditions. Following 24 h of incubation, the culture supernatant was collected and centrifuged at 10,000 rpm for 10 min and stored at −80 °C in fresh tubes.

Transfection and luciferase receptor activity {#Sec8}
---------------------------------------------

Transfection was performed using Lipofectamine 3000 transfection reagent (LF3000; Invitrogen) according to the manufacturer's instructions. Cells were transfected with control siRNA, CX3CR1 siRNA, vector, dominant negative MEK mutants, dominant negative ERK mutants, dominant negative IKKα mutants, dominant negative IKKβ mutants, and luciferase plasmid using Lipofectamine 3000 in optiMEM medium. After 24 h of transfection, cells were incubated with the indicated agents. After 24 h of incubation, the luciferase activity in the transfected cells was measured using a Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. Transactivation was determined by monitoring the firefly luciferase levels in the pGL2 vector. The luciferase assay was performed by adding lysis buffer (100 μl) and harvesting the cells through centrifugation (13,000 rpm for 5 min). The supernatant was transferred to fresh tubes, and 20 μl of cell lysate was added to 80 μl of fresh luciferase assay buffer in an assay tube. The luciferase activity was measured using a microplate luminometer. Luciferase activity was normalized to transfection efficiency based on the cotransfected β-galactosidase expression vector.

Chromatin immunoprecipitation assay {#Sec9}
-----------------------------------

Crosslinked chromatin was prepared from OASF cells, and a chromatin immunoprecipitation (ChIP) assay was performed using a Pierce Magnetic ChIP kit (Thermo Fisher Scientific, Inc.) according to the manufacturer's protocol. After immunoprecipitation with anti-p65 antibody or control IgG, protein A/G magnetic beads were added. DNA was purified and analyzed using PCR. The following MMP-3 primers were used: 5′-AATTCACATCACTGCCACCA-3′ (forward) and 5′-CTCTGTGGCAATAAGATCCC-3′ (reverse).

Statistics {#Sec10}
----------

Values are reported as mean ± standard error of the mean (SEM). A statistical comparison between two samples was performed using the Student *t* test. Statistical comparisons of more than two groups were performed using one-way analysis of variance with the Bonferroni post-hoc test. In all comparisons, *p* \< 0.05 was considered significant.

Results {#Sec11}
=======

CX3CL1-induced MMP-3 production in human OASFs {#Sec12}
----------------------------------------------

CX3CL1 is known to participate in the pathogenesis of OA and RA pathogenesis \[[@CR14], [@CR18]\]. Therefore, we first compared the CX3CL1 levels in normal human SFs (normal SFs) and OASFs. The mRNA expression of CX3CL1 was higher in the OASFs than in the normal SFs (Fig. [1a](#Fig1){ref-type="fig"}). Because CX3CL1 stimulates MMP expression in chronic liver diseases \[[@CR19]\], we hypothesized that any of these MMPs could be involved in CX3CL1-directed OA pathogenesis. We used qPCR to detect mRNA expression levels of MMPs in normal SFs and OASFs. The expression of MMP-3 was significantly higher than that of other MMPs in OASFs compared with the basal level expressed in normal SFs (Fig. [1b, c](#Fig1){ref-type="fig"}). To understand the relationship between CX3CL1 and MMP-3 in normal SFs and OASFs, we examined the level of MMP-3 after CX3CL1 treatment. The level of MMP-3 was significantly elevated in OASFs compared with normal SFs. CX3CL1 induced MMP-3 production in a concentration-dependent manner (Fig. [1d--f](#Fig1){ref-type="fig"}), and induction occurred in a time-dependent manner in OASFs (Fig. [1](#Fig1){ref-type="fig"} g--i). These results indicated that CX3CL1 increased MMP-3 production in human OASFs.Fig. 1Concentration-dependent and time-dependent increases in MMP-3 production by CX3CL1. **a** Human SFs were obtained from healthy patients (*n* = 8) or patients with OA (*n* = 10). CX3CL1 expression examined using qPCR. **b**, **c** OASFs and normal SFs were incubated with CX3CL1 (50 ng/ml) for 24 h. mRNA expression of MMPs examined using qPCR (*n* = 4). **d**, **g** OASFs and normal SFs were incubated with various concentrations of CX3CL1 for 24 h or with CX3CL1 (50 ng/ml) for 6, 12, or 24 h. mRNA expression of MMP-3 examined using qPCR (*n* = 4). **e**, **h** OASFs and normal SFs were incubated with various concentrations of CX3CL1 for 24 h or with CX3CL1 (50 ng/ml) for 6, 12, or 24 h; supernatants and cell lysates were then collected. MMP-3 level in culture media measured using a Quantikine ELISA kit (*n* = 4). **f**, **i** MMP-3 protein levels in cell lysates determined using western blot analysis. Both protein levels and enzymatic activity increased in a dose-dependent and time-dependent manner. Results expressed as mean ± SEM. \* represents P \< 0.05, \*\* represents P \< 0.01, \*\*\*represents P \< 0.001, as compared to respective control by using one-way ANOVA followed by Bonferroni\'s post-hoc test.. MMP matrix metalloproteinase, OASF osteoarthritis synovial fibroblast

CX3CL1--CX3CR1 interaction induced MMP-3 expression in OASFs {#Sec13}
------------------------------------------------------------

The CX3CL1--CX3CR1 axis plays a crucial role in the development of inflammatory diseases \[[@CR10], [@CR20]\]. Therefore, we hypothesized that CX3CR1 is involved in CX3CL1-induced MMP-3 production. We knocked down CX3CR1 expression by transfecting the OASFs with CX3CR1 siRNA and determined that CX3CR1 siRNA inhibited CX3CL1-induced MMP-3 production at the mRNA and protein expression levels (Fig. [2a, b](#Fig2){ref-type="fig"}). Furthermore, a CX3CL1 monoclonal antibody (mAb), but not the control IgG, effectively suppressed CX3CL1-induced MMP-3 mRNA and protein expression (Fig. [2c](#Fig2){ref-type="fig"}--[e](#Fig2){ref-type="fig"}). These results suggest that CX3CR1 activation may be responsible for CX3CL1-induced MMP-3 expression.Fig. 2CX3CR1 is involved in CX3CL1-mediated MMP-3 production in OASFs. **a**, **b** OSAFs were transfected for 24 h with CX3CR1 siRNA, followed by stimulation with CX3CL1 for 24 h. MMP-3 expression examined using qPCR and ELISA. **c**-**e** OASFs were pretreated for 30 min with CX3CR1 mAb followed by stimulation with CX3CL1 for 24 h. MMP-3 expression was examined using qPCR, ELISA and western blot. Results expressed as mean ± SEM (*n* = 3). \**p* \< 0.05 compared with control; \#*p* \< 0.05 compared with CX3CL1-treated group. mAb monoclonal antibody, MMP matrix metalloproteinase, siRNA small interfering RNA

CX3CL1-induced MMP-3 production through the c-Raf/MEK/ERK pathway {#Sec14}
-----------------------------------------------------------------

To examine the mechanism by which CX3CL1 induces MMP-3 production, we directly measured the c-Raf phosphorylation in response to CX3CL1. The results revealed that the stimulation of cells using CX3CL1 induced c-Raf phosphorylation in a time-dependent manner (Fig. [3a](#Fig3){ref-type="fig"}). Pretreatment of cells with the CX3CR1 antibody attenuated c-Raf phosphorylation, suggesting that CX3CR1 serves as the upstream regulator of c-Raf-mediated signaling (Fig. [3b](#Fig3){ref-type="fig"}). Furthermore, to examine whether CX3CL1 stimulates the production of MMP-3 through c-Raf signaling, we used pharmacological inhibitor (GW5704) and c-Raf shRNA. Pretreatment of cells with GW5074 was found to antagonize CX3CL1-induced MMP-3 production at the mRNA and protein levels (Fig. [3c--e](#Fig3){ref-type="fig"}). As shown in Fig. [3f, g](#Fig3){ref-type="fig"}, CX3CL1-induced MMP-3 production at the mRNA and protein levels was strongly reduced in shRNA against c-Raf.Fig. 3c-Raf is involved in CX3CL1-mediated MMP-3 production in SFs. **a** OASFs were incubated with CX3CL1 for the indicated time intervals. c-Raf phosphorylation examined using western blot analysis. **b** OASFs were pretreated for 30 min with CX3CR1 mAb followed by stimulation with CX3CL1 for 15 min. c-Raf protein levels in the cell lysates determined using western blot analysis. **c**--**e** OASFs were pretreated for 30 min with c-Raf inhibitor (GW5074, 10 μM), followed by stimulation with CX3CL1 for 24 h. MMP-3 expression examined using qPCR, western blot analysis, and ELISA. **f**, **g** OASFs were transfected for 24 h with c-Raf shRNA followed by stimulation with CX3CL1 for 24 h. MMP-3 expression examined using qPCR and ELISA. Results expressed as mean ± SEM (*n* = 3). \**p* \< 0.05 compared with control; \#*p* \< 0.05 compared with CX3CL1-treated group. MMP matrix metalloproteinase, shRNA small hairpin RNA

Subsequently, we investigated whether CX3CL1 can activate MEK/ERK, which is a critical downstream target of c-Raf. Stimulation of cells with CX3CL1 was discovered to induce the time-dependent phosphorylation of MEK and ERK (Fig. [4a](#Fig4){ref-type="fig"}). However, this CX3CL1-induced phosphorylation of MEK/ERK was markedly decreased by inhibiting upstream signaling events using the c-Raf inhibitor (GW5704) (Fig. [4b](#Fig4){ref-type="fig"}). To further evaluate whether the MEK/ERK pathway can induce MMP-3 expression, we pretreated cells with PD98059 (10 μM) and U0126 (10 μM). CX3CL1 induced the mRNA and significantly reduced the protein levels of MMP-3 when cells were pretreated with PD98059 and U0126 (Fig. [4c](#Fig4){ref-type="fig"}--[e](#Fig4){ref-type="fig"}). To further confirm this stimulation-specific mediation by MEK and ERK, we assessed the role of MEK and ERK using dominant negative mutations. Transfection of cells with dominant negative MEK and dominant negative ERK reduced MEK and ERK expression, respectively (Fig. [4f](#Fig4){ref-type="fig"}, upper panel). Transfection of cells with dominant negative MEK and dominant negative ERK effectively inhibited CX3CL1-induced MMP-3 mRNA and protein expression (Fig. [4e](#Fig4){ref-type="fig"}--[g](#Fig4){ref-type="fig"}). These results indicate that CX3CL1 induces MMP-3 production through CX3CR1 activation, which consequently activates the c-Raf/MEK/ERK signaling pathways in OASFs.Fig. 4MEK/ERK is involved in CX3CL1-mediated MMP-3 production in OASFs. **a** OASFs were incubated with CX3CL1 for the indicated time intervals. MEK/ERK phosphorylation examined using western blot analysis. **b** OASFs were pretreated for 30 min with c-Raf inhibitor (GW5074) followed by stimulation with CX3CL1 for 15 min. MEK/ERK protein levels in the cell lysates determined using western blot analysis. **c**--**e** OASFs were pretreated for 30 min with MEK/ERK inhibitors (U0126 and PD98059) followed by stimulation with CX3CL1 for 24 h. MMP-3 expression examined using qPCR, western blot analysis, and ELISA. **f**, **g** OASFs were transfected for 24 h with MEK and ERK mutants followed by stimulation with CX3CL1 for 24 h. MMP-3 expression examined using qPCR and ELISA. Results expressed as mean ± SEM (*n* = 3). \**p* \< 0.05 compared with control; \#*p* \< 0.05 compared with CX3CL1-treated group. MMP matrix metalloproteinase

Involvement of NF-κB in CX3CL1-induced MMP-3 production {#Sec15}
-------------------------------------------------------

The activation of NF-κB can induce MMP-3 production in the cells of patients with RA or OA \[[@CR21]\]. NF-κB is a transcriptional activator that plays a vital role in OA pathogenesis \[[@CR22]\]. To examine whether NF-κB is involved in the signal transduction pathway leading to CX3CL1-induced MMP-3 production, we used NF-κB inhibitors (PDTC) and IκB protease inhibitors (TPCK). Pretreatment of cells with PDTC and TPCK was discovered to inhibit CX3CL1-induced MMP-3 mRNA and protein expression (Fig. [5a](#Fig5){ref-type="fig"}--[c](#Fig5){ref-type="fig"}). We further examined the upstream molecules involved in CX3CL1-induced NF-κB activation. The stimulation of OASFs using CX3CL1 increased IKKα/β, IkBα, and p65 phosphorylation in a time-dependent manner (Fig. [5d](#Fig5){ref-type="fig"}). In addition, transfection of cells with IKKα and IKKβ mutants reduced CX3CL1-induced MMP-3 production and MMP-3 mRNA expression (Fig. [5e, f](#Fig5){ref-type="fig"}).Fig. 5NF-κB is involved in the potentiation of MMP-3 production by CX3CL1. **a**--**c** OASFs were pretreated for 30 min with PDTC (10 μM) and TPCK (10 μM) followed by stimulation with CX3CL1 for 24 h. MMP-3 expression examined using qPCR, western blot analysis, and ELISA. **d** OASFs were incubated with CX3CL1 for the indicated time intervals. p-IKKα/β, p-IκBα, and p-p65 expression determined using western blot analysis. **e**, **f** OASFs were transfected for 24 h with IKKα and IKKβ mutants followed by stimulation with CX3CL1 for 24 h. MMP-3 expression examined using qPCR and ELISA. Results expressed as mean ± SEM (*n* = 3). \**p* \< 0.05 compared with control; \#*p* \< 0.05 compared with CX3CL1-treated group. MMP matrix metalloproteinase, PDTC pyrrolidine dithiocarbamate, TPCK [l]{.smallcaps}-1-tosylamido-2-phenylenylethyl chloromethyl ketone

To confirm that NF-κB is involved in CX3CL1-induced MMP-3 expression, we performed transient transfection using NF-κB promoter--luciferase constructs. When OASFs were incubated with CX3CL1, the NF-κB promoter activity increased in a dose-dependent manner (Fig. [6a](#Fig6){ref-type="fig"}). The increase in NF-κB activity induced by CX3CL1 was antagonized by c-Raf inhibitor (GW5704), MEK inhibitors (PD98059 and U0126), and c-Raf shRNA, MEK, ERK, IKKα, and IKKβ mutants (Fig. [6b, c](#Fig6){ref-type="fig"}). Furthermore, GW5704, PD98059, and U0126 reduced CX3CL1-mediated p65 phosphorylation (Fig. [6d](#Fig6){ref-type="fig"}). In addition, these inhibitors (Gw5074, PD98059, and U0126) reduced the CX3CL1-induced binding of p65 to an NF-κB element (Fig. [6e](#Fig6){ref-type="fig"}). To further investigate CX3CL1-mediated MMP-3 expression in OASFs, we established CX3CL1-shRNA expression cells. Western blot analyses were employed to compare the CX3CL1 expression levels in stable transfectants. CX3CL1 expression was drastically inhibited in OASF/CX3CL1-shRNA cells (Fig. [6f--h](#Fig6){ref-type="fig"}). In addition, CX3CL1 knockdown downregulated the expression of MMP-3 in OASFs (Fig. [6f--h](#Fig6){ref-type="fig"}). These data suggest that the CX3CR1, c-Raf, MEK, ERK, and NF-κB pathways must be activated if CX3CL1-induced MMP-3 production is to occur in human OASFs.Fig. 6CX3CL1 induced NF-κB activation through the CX3CR1/c-Raf/MEK/ERK pathway. **a**--**c** OASFs were incubated with various concentrations of CX3CL1 or pretreated with c-Raf inhibitors (GW5074) or MEK/ERK inhibitors (U0126 and PD98059) for 30 min or transfected with c-Raf shRNA, MEK, ERK, IKKα, and IKKβ mutants before exposure to CX3CL1. NF-κB luciferase activity measured, and results normalized to the β-galactosidase activity. **d** OASFs were pretreated with c-Raf inhibitors (GW5074) or MEK/ERK inhibitors (U0126 and PD98059) for 30 min followed by stimulation with CX3CL1 for 60 min. p-p65 expression examined using western blot analysis. **e** Cells were pretreated with 0.1% dimethyl sulfoxide as control, c-Raf inhibitors (GW5074), or MEK/ERK inhibitors (U0126 and PD98059) for 30 min, followed by CX3CL1 treatment for 120 min. ChIP performed using an antibody against p65. One percent of immunoprecipitated chromatin was assayed to verify equal loading (input). **f**--**h** Protein and mRNA levels of CX3CL1 and MMP-3 in control-shRNA and CX3CL1-shRNA OASFs examined using western blotting and qPCR. Results expressed as mean ± SEM (*n* = 4). \**p* \< 0.05 compared with control; \#*p* \< 0.05 compared with CX3CL1-treated group. MMP matrix metalloproteinase, NF-κB nuclear factor kappa B, sh short hairpin

Discussion {#Sec16}
==========

The present study provided compelling data to support the novel role of CX3CL1 in the severity of OA through its induction of MMP-3 production via the NF-κB pathway. Accumulating evidence suggests that CX3CL1 plays a vital role in the pathogenesis and progression of OA \[[@CR14], [@CR23]\]. In the present study, the CX3CL1 levels in OASFs were significantly higher than those in normal SFs (Fig. [1](#Fig1){ref-type="fig"}). Previous studies have demonstrated that patients with knee OA had significantly higher levels of serum, synovial fluid, and synovial CX3CL1 than is found in normal synovial fluid \[[@CR24]--[@CR26]\], which is consistent with the present study's results. In addition, the role of CX3CL1 has been reported in inflammatory diseases \[[@CR27]\]. CX3CL1 induces tumor necrosis factor alpha (TNF-α), interferon gamma, and interleukin 1 beta (IL-1β) production in chronic obstructive pulmonary disease, pulmonary hypertension, atherosclerosis, RA, HIV infection, and cancer \[[@CR28]--[@CR30]\]. In joint cartilage cells, the increase in CX3CL1 mRNA expression correlated with IL-1β \[[@CR31]\]. Accumulating evidence suggests that CX3CL1 plays a more critical role in stimulating the inflammatory process in OA. The findings indicate that CX3CL1 may be considered a chemokine suitable for developing new therapeutic approaches for OA.

The MMP family comprises a group of zinc-ion-dependent endopeptidases that play an important role in normal and OA synovial tissue \[[@CR32]\]. Unregulated MMP production results in excessive extracellular matrix degradation and leads to OA. MMP-3 (also known as stromelysin-1) is capable of degrading aggrecan and collagen types ***I,*** **II, III, IX, X and XI** in joints \[[@CR33]\]. Accumulated evidence indicates that MMP-3 is not expressed in normal adult cartilage, but is highly expressed in the cartilage of patients with OA \[[@CR34]\]. In addition, some studies have reported that CX3CL1 induces MMP production, including that of MMP-2 and MMP-9 \[[@CR16], [@CR35]\]. We identified MMP-3 as the target protein of the CX3CL1 signaling pathway, which regulates cartilage breakdown. CX3CL1 was discovered to induce MMP-3 mRNA and protein expression in a dose-dependent and time-dependent manner in OASFs. These results suggest that CX3CL1 acts as an inducer of MMPs and enhances cartilage breakdown.

A previous study indicated that the activation of CX3CR1 signaling may be a causal factor of OA \[[@CR31]\]. The high expression of CX3CR1 in the synovial membranes of patients with OA may be directly involved in the pathophysiology of OA \[[@CR31]\]. The results of our study indicated that CX3CL1 protein levels were significantly higher in OASFs than in normal SFs. We also discovered that CX3CR1 was required for CX3CL1-induced MMP-3 production. The incubation of cells with the CX3CR1 mAb inhibited CX3CL1-induced MMP-3 expression. In addition, CX3CR1 siRNA inhibited the increase in CX3CL1-induced MMP-3 production. These findings suggest that CX3CR1 is involved in CX3CL1-induced MMP-3 production in human OASFs.

In 2006, Lee et al. \[[@CR36]\] demonstrated that the activation of CX3CL1 signaling in the c-Raf/MEK/ERK and PI3K/Akt/eNOS/NO signal pathways plays a vital role in molecular biological functions. However, the mechanisms for inducing MMP expression in different cell types may be regulated differently. The c-Raf/MEK/ERK signaling pathways that induce MMP expression in OASFs have not been reported. In this study, we demonstrated that the ability of CX3CL1 to induce MMP-3 production is mediated by the interaction between CX3CL1 and CX3CR1 and the subsequent activation of the c-Raf/MEK/ERK pathway. Our results demonstrated that treatment of OASFs with c-Raf inhibitor or transfection of cells with c-Raf shRNA reduced the CX3CL1-induced MMP-3 expression. However, we also found that CX3CL1 treatment increased the level of c-Raf phosphorylation. Moreover, the CX3CR1 antibody inhibited CX3CL1-mediated c-Raf phosphorylation. These results suggest that CX3CL1 induced MMP-3 production through CX3CR1 and the c-Raf signaling pathway in SFs. The activation of the MAPK pathway by G-coupled protein receptors generally involves c-Raf \[[@CR37], [@CR38]\]. In our experiments, GW0574 completely inhibited CX3CL1-induced MEK and ERK activation and MMP-3 production, suggesting that these effects of CX3CL1 require c-Raf activation.

Accumulating evidence suggests that MMP production is regulated by activation of the ubiquitous transcription factor NF-κB. In addition, the critical role of NF-κB in the pathophysiology of OA has been reported \[[@CR39], [@CR40]\]. Under normal conditions, the p65 subunit of NF-κB is retained in the cytoplasm with the inhibitory protein IκB; however, when NF-κB is activated by stimuli such as IL-1β or TNF-α, the phosphorylated p65 subunit of NF-κB translocates to the nucleus to regulate the expression of inflammatory mediators and MMPs \[[@CR41], [@CR42]\]. In the present study, we used NF-κB inhibitors to explore these pathways. We demonstrated that NF-κB activation contributed to CX3CL1-induced MMP-3 expression in human SFs. The pretreatment of cells with NF-κB inhibitors TPCK and PDTC reduced the CX3CL1-induced MMP-3 expression. Therefore, the NF-κB binding site is important in CX3CL1-induced MMP-3 production. The NF-κB sequence binds to members of the p65 and p50 families of transcription factors, and the results of this study revealed that CX3CL1 induced p65 phosphorylation and nuclear accumulation. Furthermore, the use of transient transfection with NF-κB-luciferase as an indicator of NF-κB activity revealed that CX3CL1 increased NF-κB activation. In addition, the c-Raf inhibitor (GW5074), MAPK inhibitors (U0126 and PD98059) or c-Raf shRNA or MEK, and the ERK mutant reduced CX3CL1-increased NF-κB promoter activity. These results indicate that CX3CL1 increases NF-κB activation through the CX3CR1/c-Raf/MAPK signaling pathway in human OASFs. The discovery of this CX3CL1 signaling pathway elucidates the mechanism underlying OA pathogenesis, which may lead to the development of effective therapies in the future.

Conclusion {#Sec17}
==========

We explored the signaling pathways involved in CX3CL1-induced MMP-3 production in human SFs. We determined that CX3CL1 increases MMP-3 production by binding to CX3CR1 and activating c-Rad, MEK, and ERK signaling, which enhances NF-κB transcription activity and results in the transactivation of MMP-3 production. Furthermore, the discovery of CX3CL1/CX3CR1-mediated signaling pathways increases the understanding of the mechanism of OA pathogenesis and could facilitate the development of effective therapies for OA in the future.
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